We propose and demonstrate an approach to generating large time-bandwidth product (TBWP) frequency-hopping (FH) microwave waveforms by using an ultra-highquality factor (Q) silicon microring resonator (MRR) with thermal tuning. An ultra-high-Q MRR (Q ∼ 10 6 ) is used to filter out an expected frequency component from an optical frequency comb. Heterodyne beating between the filtered frequency and another seed frequency light detected by a photodetector will generate an FH microwave waveform. In addition, the FH microwave signal can be flexibly and independently tuned in terms of the central frequency, bandwidth, frequency order, and time sequence length, just altering the driving voltage on the MRR. The proof-of-concept experiments show that the TBWP of the stepped linear, stepped arbitrary, and Costas sequence microwave signal can be over 4.5 × 10 7 . Our paper offers an integrated FH microwave generation approach to support the optics communications and the next-generation photonic radar systems.
Frequency-Hopping Microwave
Generation With a Large Time-Bandwidth Product
Introduction
Due to its unique properties of pseudo-randomness and large time-bandwidth product (TBWP), the frequency-hopping (FH) microwave signal has attracted a high level of interest in many aspects, including the communication instrument [1] - [4] , electronic warfare system [5] and radar architecture [6] - [11] . In communication instruments, the use of the FH technique will enlarge the communication capacity, increase the network security and improve the anti-interference ability. In electronic warfare systems, the FH microwave signal can be used to enhance the adversarial search and anti-intercept ability benefiting from its high randomness. In radar architectures, lager TBWP of the FH microwave waveform indicates higher detection range and range resolution [12] . To simultaneously achieve high resolution for both velocity and range detections, an FH microwave signal that has a particular kind of coded sequence with a thumbtack-shaped ambiguity function, e. g., Costas sequence, is invented and widely applied. However, the conventional methods to produce the FH microwave always depend on the electrical devices, which have limitations in bandwidth, speed and anti-interference because of the electronic bottleneck and electromagnetic interference. The microwave photonics (MWP) provides a robust approach to generate FH microwave thanks to its distinct advantages, including the huge bandwidth, high speed, and immunity to electromagnetic interference. For instance, an FH microwave signal is generated by the optical spectral shaping and frequency to time mapping technology [13] , [14] . However, the cost and complexity of the system would increase due to the use of optical pulse shaper and femtosecond pulsed laser. A simple and flexible FH microwave signal generator is created by an optically injected semiconductor laser (OISL) [15] , [16] . This generator can produce not only stepped linear signals but also Costas sequence signals with a TBWP of 1000 by simply setting the control signal of OISL. However, the devices related in this scheme are all discrete. Those above schemes are facing the challenge of small TBWP. In this paper, we present an FH microwave signal generator with a large TBWP based on an ultra-high-quality factor (Q) silicon microring resonator (MRR). Heterodyne beating between the filtered frequency light from an optical frequency comb and another seed frequency light detected by a photodetector (PD) produces the FH microwave waveform. Desired FH waveforms with high flexibility and independent tunability can be easily obtained by simply altering the drive voltage on the MRR. The experiments show that, the TBWP of the stepped linear, stepped arbitrary and Costas sequence microwave signal up to 4.5 × 10 7 is obtained. Besides, the tunability of the central frequency, bandwidth, frequency order and sequence length are also further verified. Our FH scheme offers a potential integrated approach in FH waveform generation, which may be widely used in communication instruments and radar systems. Fig. 1(a) presents the schematic diagram of the FH microwave generation with an optical tunable filter. A continuous-wave (CW) light with its wavelength λ 0 acts as the seed optical source, and the spectrum is shown in Fig. 1(b) -I. The seed source is divided into two branches (the upper and the lower branch). At the upper arm, the CW light is injected into an optical frequency comb (OFC) Fig. 2 . Experiment setup of the FH microwave generator. TLS, tunable laser source; OC, optical coupler; PC, polarization controller; RF, radio frequency; EA, electrical amplifier; PM, phase modulator; EDFA, erbium-doped fiber amplifier; EAWG, electrical arbitrary waveform generator; TT-MRR, thermally tuned microring resonator; ATT, attenuator; PD photodetector; OSC, oscilloscope.
Principle and Experiment
generator to produce a flat OFC, and the spectrum is shown in Fig. 1(b) -II. Then an optical tunable filter is used to select an expected frequency component λ f of OFC, as shown in Fig. 1(b) -III. The tunable filter is implemented by an ultra-high-Q thermally tuning MRR (TT-MRR). Then, we combine the upper branch light with a single wavelength λ f with the lower arm CW light of wavelength λ 0 , and the spectrum of the synthetic light is shown in Fig. 1(b) -IV. Finally, a high-speed photodetector (PD) is used to convert the synthetic optical signal with good coherence into microwave waveform of the frequency f rf = c(λ
, where c is the speed of light in vacuum. When the control voltage of the TT-MRR is designed as an appropriate discrete voltage sequence, the generated microwave frequency will be changed in sequence, and an expected FH microwave waveform will be generated. Therefore, different FH microwave signals can be created by simply changing the voltage sequence of the TT-MRR. Hence, this FH microwave signal generator is very flexible to create different kinds of the FH microwave waveform.
The experimental configuration for FH microwave generation is presented in Fig. 2 . A tunable laser source (TLS) acts as the CW light source. At the upper branch, a phase modulator is driven by a high-power radio frequency (RF) signal to create a wideband OFC. The amplified light with wideband OFC is injected into a TT-MRR. The thermal electrode of TT-MRR is controlled by an electrical arbitrary waveform generator (EAWG). Then, the resonance wavelength of the TT-MRR is shifted and the expected frequency component is filtered as a function of the output control voltage of the EAWG. Heterodyne beating between the lights of two branches in a high-speed PD produces the FH microwave waveform that is measured by a real-time oscilloscope (OSC). In addition, two optical couplers are used as a balanced optical divider and combiner after the TLS and before the PD, respectively. The first attenuator (ATT1) and the second attenuator (ATT2) are placed in two arms to balance the optical power, and the synthesized optical signal power is regulated by the third attenuator (ATT3) to protect the PD. All the polarization controllers (PCs) and erbium-doped fiber amplifiers (EDFAs) are used to adjust polarization state for the optical link and compensate the system loss, respectively. It should be noted that the tuning resolution of the generated microwave signal is determined by the frequency interval of the OFC.
Results and Discussion
In the proposed FH microwave generation scheme, one of the most important elements is the optical tunable filter, which is implemented by an ultra-high-Q TT-MRR, consisting of a racetrack waveguide and two straight waveguides. The radius of the half-ring and the length of the race-track are set as 50 μm and 2 mm, respectively. The waveguide width of the half-ring and the race-track are set as 500 nm to restrain the higher order modes and 2 μm to decrease the scattering loss, respectively. A linear taper connects the half-ring and the race-track to reduce the coupling loss and inhibit the higher order mode generation. It should be noted that the vertical grating coupler is designed for TE polarization and the gap between bus waveguide and MRR is 460 nm. The TT-MRR is fabricated on a standard silicon-on-insulator wafer with 220-nm-thick top silicon layer on the 2-μm-thick buried oxide layer. Then, a 248-nm deep ultra-violet photolithography is employed to define the pattern, and the silicon is dry etched by the inductively coupled plasma process. Subsequently, the plasma enhanced chemical vapor deposition process is implemented to grow a SiO 2 layer on the top silicon. Finally, the microheater is formed by depositing a metal layer on the SiO 2 layer. Fig. 3(a) and (b) show the global micrograph of the fabricated TT-MRR and the zoom-in region, respectively. To characterize the tuning performance of the TT-MRR, we measure the transmission spectra at the drop-port of the TT-MRR when the different direct current (DC) voltages are applied on the microheater. When DC voltage with 0 V is applied on it, the resonance wavelength is around 1550.032 nm, while the resonance wavelength undergoes red shift of 0.24 nm when the applied DC voltage is 2.7 V. As shown in Fig. 3(c) , the transmission spectra show that as the applied voltage increases, the resonance wavelength undergoes red shift due to thermo-optic effect. The MRR has a single FSR (0.325 nm), exhibiting a single mode transmission in the MRR. Furthermore, we find the voltages corresponding to the wavelength drift from 0 nm to 0.24 nm stepped by 0.008 nm. And the characteristic curve of the voltage (orange) and power (blue) versus the resonance wavelength is shown in Fig. 3(d) . It should be noted that the optical insertion loss of MRR is ∼14 dB, which is mainly caused by the two vertical grating couplers. The temperature is controlled by the ceramic heating system and an automatic control module. The tolerances to ambient temperatures of the whole system is about 0.1°C. And the resistance and tuning efficiency of the heater are about 684.5 and 9.6 pm/mW, respectively. To characterize the Q factor of the TT-MRR, we use the TT-MRR as a tunable MWP bandpass filter and measure the RF transmission of this filter using the method of reference [17] . When the different DC voltages are applied on the microheater, the central frequency of the filter is different as shown in Fig. 3(e) . The RF transmission at the DC voltage of 0.776 V is zoomed-in and the measured 3-dB bandwidth is 200 MHz as shown in Fig. 3(f) . Therefore, the corresponding Q factor of the TT-MRR is 0.97 × 10 6 at 1550.112 nm. A proof-of-concept FH microwave generation experiment is carried out. Firstly, a CW light with an output optical power of 10 dBm is emitted from a TLS (Alnair Labs TLG-200). The central wavelength is fixed at 1550.032 nm aligned with the resonance wavelength of the TT-MRR when the driving voltage is set as 0 V. At the same time, a PM (EOSPACE PM-5V4-40-PFA-PFA-UV) is driven by a 1 GHz (corresponding to the wavelength interval of 0.008 nm) RF signal that is saturated amplified by an electrical amplifier (PE15A4017). A wideband OFC with the bandwidth of 0.188 nm is created and the spectrum is recorded by an optical spectrum analyzer (OSA, AQ6370C) as shown in Fig. 4(a) . It should be noted that, the discrete lines OFC are not identified because the line spacing of 8 pm is less than the OSA resolution of 20 pm. Then, the amplified OFC light is injected into the TT-MRR. As shown in Fig. 4(b) , the optical spectrum of the synthetic light from two arms is measured, when the control voltage of the TT-MRR is set as 1.254 V, 1.43 V and 1.596 V, the corresponding beat frequency of 8 GHz, 10 GHz and 13 GHz, respectively. It shows that a microwave signal with different frequency can be produced using the proposed scheme.
Furthermore, a 1 kHz two-level square wave voltage signal is applied to the TT-MRR. At the output of the PD with 40 GHz bandwidth, an FH microwave signal with a temporal period of 1 ms is observed by a 160 GSa/s real-time OSC (KEYSIGHY DSA2594A). By simply changing the control voltage applied to the TT-MRR, the particular frequency components and the bandwidth of the FH microwave signal can be tuned. Fig. 5(a) and (b) show two typical control voltage signal in time domain, and the corresponding temporal microwave waveforms are recorded by the OSC as shown in Fig. 5(c) and (d) , respectively. The insets are the zoom-in waveforms of the microwave signal, to calculate the corresponding frequency by counting the number of pulses in a period of 1 ns. At first, the low level and high level of the control voltage signal are set as 0.477 V and 1.109 V, respectively. The created FH microwave waveform is shown in Fig. 5(c) . The waveforms are zoom-in and the number of pulses in a period of 1 ns are counted as 6 and 1, respectively. It shows that the instantaneous frequency of the created FH microwave signal is hopping from 1 GHz to 6 GHz with an FH bandwidth of 5 GHz. And the TBWP is measured to be up to 5 × 10 6 . It should be noted that the TBWP of an FH microwave signal is the product of its period T and spectral width B (in frequency space), i.e., TBWP = T × B. When the two-level voltage is set as 1.507 V and 1.596 V, respectively, as shown in Fig. 5(b) , the instantaneous frequency is jumping between 11 GHz and 13 GHz, indicating an FH range of 2 GHz, which is different from the former one. The TBWP is measured to be 2 × 10 6 . To obtain FH sequence with multiple frequencies, a corresponding multi-level voltage is applied to the TT-MRR. By increasing the levels of the control voltage signal, the sequence length of the created FH sequences can be enlarged. As shown in Fig. 6(a) , the sequence length of the control voltage signal is 4, and the four levels are 0.776 V, 1.008 V, 1.176 V and 1.362 V. The corresponding FH microwave waveform with the length of 4 is recorded, and we observe an FH signal with four frequencies, 3 GHz, 5 GHz, 7 GHz and 9 GHz, respectively, as shown in Fig. 6(c) . The frequency step and the TBWP of the generated linear FH microwave is 2 GHz and 1.2 × 10 7 , respectively. Then, the frequency step is changed as 1 GHz and the levels is further increase to 8. The control voltage signal waveform is shown in Fig. 6(b) . A linear FH microwave signal with a sequence length of 8 is generated with the frequency from 3 GHz to 10 GHz stepped by 1 GHz, as shown in Fig. 6(d) . And the TBWP is measured to be 2.8 × 10
7 . In addition, a pseudorandom FH sequence can be created by simply setting the special control voltage signal. When the 4-level voltage signal (see Fig. 6(e) ) is set as 0.914 V, 1.362 V, 0.634 V and 1.176 V, the pseudorandom FH microwave waveform with the temporal period of 2 ms and the frequencies of 4 GHz, 9 GHz, 2 GHz and 7 GHz, is shown in Fig. 6(g) . Finally, another important FH sequence microwave, Costas sequence microwave, is generated with a length of 10. According to the rule of Costas sequence, the FH sequence order with a length of 10 is '2, 4, 8, 5, 10, 9, 7, 3, 6, 1'. The control signal of the TT-MRR is set as corresponding voltage in accordance with Fig. 6(f) and the waveform is shown in Fig. 6(h) . Fig. 6(h) show the generated Costas sequences with a large TBWP of 4.5 × 10 7 . One can see that ten frequencies are evenly spaced between 1 GHz and 10 GHz and the frequency order perfectly matches with the expected value. It should be noted that, there is the slight fluctuation of the amplitude in the created FH microwave waveforms, because the OFC is not absolutely flat.
Finally, the maximum allowable FH rate generation in our scheme is characterized. The response time of the tunable filter is further measured by driving the microheater with a square-wave electrical signal when the wavelength of the injected light signal is fixed at 1550.032 nm. The peak-to-peak voltage of the driving signal is set to 2 V, and the frequency is set to 2 kHz, as shown in Fig. 7(a) . The output modulated light is detected by a PD with a bandwidth of 200 MHz and recorded by an OSC with a bandwidth of 500 MHz. The output waveform is shown in Fig. 7(b) . The sum of the 10-90% rising and decaying time is 68.8 μs, and the corresponding maximum allowable FH rate is about 14.53 kHz. Although this FH rate is relatively small, it can be further increased by using a slow light based graphene microheater [18] . In addition, the performance of the microwave signal generated is not high because of the susceptibility to environmental disturbances that introduces optical phase fluctuations. The integration of the entire system on chip is an effective way to improve signal performance. And this FH microwave generation scheme has potentials to be further improved with chip-integration owing to the mature technique of a wideband integrated Kerr comb (i.e., nonlinear MRR) [19] - [23] and a high-speed integrated PD [24] - [26] . Table 1 shows the performance comparison of existing FH microwave generation systems. It can be see that the proposed FH microwave generation system has a large TWBP thanks to the high period and the large bandwidth. Meanwhile, our scheme has potentials to be integrated on chip.
Conclusion
A simple and flexible FH microwave signal generation scheme based on the ultra-high-Q silicon MRR is experimentally verified. The stepped linear, stepped arbitrary and Costas sequence microwave signals are successfully generated. We also experimentally demonstrate the tunability of the central frequency, bandwidth, frequency order and sequence length. And the large TBWP of the FH microwave signal up to 4.5 × 10 7 is obtained. Our work may offer an FH microwave generation approach to support the large detection ranges and high range resolution with a comparison of the required specifications in radar architectures.
